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A critical aspect of development is the transition from division to differentiation. This molecular switch must be controlled temporally and spatially to establish tissue form and function, as well as to maintain tissue homeostasis through repair processes. A prime example of a specialized terminally differentiated cell type that is necessary for tissue function is the multiciliated epithelial cell. Whereas most cells have only a single non-motile cilium, multiciliated cells have up to hundreds of motile cilia on their apical surface, which beat coordinately to move fluid and particles unidirectionally in areas such as the brain ventricles, trachea, and fallopian tubes. At the base of every cilium is a centriole, a 9-fold symmetric microtubule-based structure. In cells with a single cilium, centriole duplication is normally tightly coordinated with the cell division cycle: each cell has a pair of centrioles at the beginning of the cycle, which duplicate at the G1/S transition and are segregated on the mitotic spindle along with chromosomes. Uniquely among all cell types, multiciliated cell precursors produce hundreds of centrioles during differentiation, or ciliogenesis, in the absence of DNA replication or other apparent cell-cycle events (Vanderlaan et al., 1983; Vladar and Stearns, 2007) . The events of ciliogenesis can be divided into three phases with respect to centrioles: (1) amplification, characterized by the initiation of hundreds of centrioles from both preexisting centrioles and specialized structures known as deuterosomes (Al Jord et al., 2014) ; (2) growth, during which the nascent centrioles extend to their full length; and (3) disengagement, during which they are released from the duplication structures so that they can dock to the apical membrane and form motile cilia ( Figure 1 ).
The transcriptional network and signaling processes involved in regulating ciliogenesis are becoming more clear . This includes identification of specific transcription factors associated with establishing multiciliated cell fate, as well as the downstream targets involved in these cells' unique biology. The dogma that centriole duplication only occurs during cell-cycle progression, and requires the activity of cell-cycle regulators, presents a conundrum with respect to multiciliated cells: how do these events occur in a terminally differentiating cell that would not be expected to express cell-cycle machinery? Reporting in a recent issue of Science, Al Jord et al. (2017) address this conundrum by demonstrating that key mitotic cell-cycle regulators are transiently activated during ciliogenesis and that this activation is important for driving the transition from one phase of centriole formation to the next.
Using mouse ependymal cells, which line the brain ventricle surface, the authors observed that p27, a negative regulator of the cell cycle that is normally present in quiescent cells (Pines, 1999) , was absent from cells during the ciliogenesis program. This was accompanied by an increase in expression of mitotic kinases and regulators, including Cdk1, Cyclin B1, anaphase-promoting complex (APC/C), and Plk1. Notably, Cdk1 and Plk1 promote centriole duplication in cycling cells (Loncarek et al., 2010; Wang et al., 2014) , suggesting the possibility that proteins that are normally mitotic regulators might be repurposed to promote centriole amplification during ciliogenesis in non-cycling cells. To test this directly, the authors used pharmacological inhibitors to modulate the activity of Cdk1. Inhibition of Wee1 and Myt1, inhibitors of Cdk1 that act at the entry to mitosis, resulted in expression of phospho-protein markers associated with mitosis and entry of cells into a mitosis-like state during the growth phase of centriole formation. Remarkably, these differentiating cells could undergo chromosome condensation and make spindle-like structures, even in the presence of amplifying centrioles. They next tested the effect of inhibition of APC/C, a negative regulator of Cdk1 activity that acts at the exit from mitosis. APC/C inhibition also resulted in entry of these cells into a mitosis-like state, but at a later stage in ciliogenesis. This suggests that Cdk1 is activated in these differentiating cells to promote centriole amplification and that its activity is modulated by the same regulators as in cycling cells, with Wee1/Myt1 exerting a negative effect early in centriole formation and APC/C acting later.
The number of centrioles and cilia must be controlled relative to cell size and cell type, even in multiciliated cells. The authors sought to understand how the redeployed mitotic oscillator controls centriole number, with the hypothesis that the timing of the transitions between phases is important in limiting number. Indeed, they found that inhibition of either Cdk1 or Plk1 activity resulted in delayed transition from amplification to growth and thus, presumably, resulted in increased time spent in the amplification phase, which caused an increase in the number of deuterosomes and centrioles. In contrast, activation of Cdk1 resulted in accelerated transitions and reduced centriole number, without inhibiting cilium formation from those centrioles that do form (Figure 1) . Lastly, inhibition of APC/C activity specifically delayed the transition from growth to disengagement, resulting in partial ciliation, presumably due to a failure of centriole disengagement and subsequent cilium formation. Together, these findings suggest that the activity of mitotic oscillator components is temporally regulated to control the transitions between centriole formation in multiciliated cell differentiation without promoting mitosis.
The work from Al Jord et al. (2017) supports a paradigm-shifting hypothesis: that the central oscillator of the mitotic cycle can be called back into action, in subdued form, to promote events in differentiating cells. This directly addresses the original conundrum posed above-how an event such as centriole formation could occur in both cycling and non-cycling cells-by demonstrating that the mechanism is likely the same in both. As with many such conceptual breakthroughs, many questions remain unanswered. For example, it is not clear how the known transcriptional regulators of ciliogenesis, such as Multicilin-E2F4/5-DP1 (Ma et al., 2014) , contribute to activation of Cdk1, Plk1, or APC/C in these differentiating cells, or vice versa. It is also unclear whether accumulation and degradation of Cyclin B1, the main driver of the mitotic oscillator, is driving the transitions in this context. We also note that Cyclin O, a cyclin-like protein specific to multiciliated cells, is also required for deuterosomemediated centriole formation (Funk et al., 2015) , and it is not known whether this interacts with the mitotic oscillator components. Lastly, it remains to be determined whether this repurposing of the mitotic oscillator is unique to multiciliated cells, which must activate a pathway normally only used in dividing cells, or whether it occurs in other differentiating cells. Centriole formation during ciliogenesis in multiciliated precursor cells occurs through three phases, as shown in the top panel. In amplification, centrioles (yellow) are formed from deuterosomes (orange) and from preexisting centrioles. During growth, centrioles elongate to their full length. In disengagement, centrioles separate from their nucleating structures, going on to dock to the apical membrane and form motile cilia. Al Jord et al. (2017) found that progression through these phases is regulated by Cdk1, Plk1, and anaphase-promoting complex (APC/C) activity. The bottom panel shows the consequences of misregulation. These results suggest that Cdk1 activity drives the centriole formation process in multiciliated cell differentiation but that its activity is dampened to prevent mitotic entry.
